A "Colloidal Silica Grout" (CSG) material has been developed as an alternative grouting material for the geological repository of high level radioactive waste. Two main advantages of the CSG are its smaller particle size distribution (< 50 nm) than those of the cementitious materials, and low pH so as to reduce unfavorable effects on the long-term performance assessment of geological disposal system. The CSG is a composed of a mixture of "colloidal silica solution" and KCl as hardening accelerator. The mixture being investigated for grouting materials was focused on SiO 2 concentration, grain size and degree of modified surface of silica. Preliminary laboratory experiments were carried out to characterize its fundamental properties from the viewpoint of viscosity, dimensions stability, compressive strength, pressure resistivity and leaching rate of silica. The experiments demonstrate that CSG is expected to become an alternative grouting material for a geological repository.
Introduction
Grouting of the host rock is necessary to reduce amount of groundwater inflow into a geological repository of high level radioactive waste during the construction and operational phase because the geological environment in Japan is often characterized by many fractures and abundant groundwater.
Basically, cementitious materials are conventionally used for grouting, however, the expected release of a high pH plume could alter the long-term performance of the bentonite buffer and the host rock. To mitigate these effects, JAEA has carried out the research and development of three alternative low pH grouting materials that decrease influence in the alteration: (i) Low-alkaline cementitious grout, (ii) Super-fine spherical silica grout and (iii) Colloidal silica grout [1] . The current work focuses on the Colloidal silica grout, and presents its unique characteristics obtained from a series of laboratory tests.
Requirement of inflow reduction by grouting

Evaluation model of grout treatment
Natural fractures in a rock mass take the form of complex shapes by variety of apertures and held clay in fractures, and penetrability of grout depends on geometric apertures of fractures. While hydraulic conductivity of a rock is needed to calculate amount of groundwater inflow, the hydraulic conductivity is estimated from hydraulic aperture which is averaged in consideration of above variable factors (Fig.1) . The relationship between hydraulic apertures and geometric apertures is discussed by Alvarez et al based on measured data [2] . Based on the data, the relationship between the both apertures was estimated by the approximate expression (Fig.2) .
The transmissivity of a fracture (T f ) with a hydraulic aperture "b" is expressed by μ ρ 
Here, ρ is density of water and μ is viscosity of water.
The transmissivity of a host rock with plural fractures is expressed by
Thus the hydraulic conductivity is expressed by L T K = Here, K is hydraulic conductivity of the host rock and L is a length of an estimation section along a tunnel. Therefore, the hydraulic conductivity of treatment area by
Here, b G is a minimum hydraulic aperture of fracture to be penetrable for grout and n is the number of b G in the section.
The mount of inflow into the tunnel can be obtained by Eq.(4).
(4) [3] Here, Q is the amount of inflow into the tunnel, R is a radius of the tunnel, t is a width of treatment area by grouting, h is overburden height, ξ is skin factor (2 ～ 7 in general) in consideration of pressure drop around the tunnel (Fig.3 ). 
Requirement for grouting
On the parameters of tunnel depth (h), grout area (t) and skin factor (SF), the relationship between the minimum geometric aperture for the grout injection and the amount of inflow was calculated by Eq.(4) using the relationship in Fig.2 under the distribution of transmissivity (Fig.4) taken into account in the reference case in the report of R&D for a geological disposal of high level radioactive waste [4] . (Fig.5) The density cases of fractures were set up as the number per meter of 0.1, 1, 10.
For reduction of the amount of inflow to a constant level, the more micro fractures have to be treated according to the increase in depth of a tunnel. The minimum geometrical apertures to be treated for reduction of inflow to 10 or 5l/min/100m are summarized in Table 1 . According to this table, due to increase of fracture density, the more micro fractures are to be treated.
And the minimum aperture to be treat is approximately 40 μm.
The relationship between the minimum geometric aperture and the hydraulic conductivity of host rock is shown in 
Test cases
Laboratory tests were carried out to evaluate fundamental properties in several cases focused on SiO 2 concentration, modified surface of silica and grain size ( Table 2 ).
Dimensions stability test
In this test, shape of test pieces of hardened CSG was measured in height and diameter cured at the 20 o C and relative humidity of 98, 95, 80%. The shape of test pieces was modeled to a cylinder of φ50mm and 100mm height at first. The test pieces were cured in a constant temperature and humidity box for 100 days. The change rate of specimen height at the relative humidity of 95% is shown in Fig.7 . The more the test piece had low concentration of silica, the more the dimensions shrank in the passage. Thus higher concentration of silica is necessary for CSG from viewpoint of dimensions stability relatively. The
No.1-3, 4, 3-1 and 1-2 were considered to be better for the stability. 
Compressive strength test
The compressive strength tests, based on JISA1216, were carried out for the test pieces of φ50mm and 100mm of height cured at the age of 1, 7 and 28 days. The results compared in From these test results, it was found that the stability and strength was related to silica concentration and grain size. Then several mix cases which was considered to be better and modified surface case was selected for short term leaching test. 
Short term leaching test
The test was conducted to evaluate the durability of CSG gel in water. The test method is described later in detail (standard test in 4.1). In the tests, the leaching of silica was measured monthly after gelation. As a result, the No.4 showed the highest leaching ratio of silica (Fig.9) , however the results compared in 
Pressure resistivity test
To evaluate resistivity against high pressure based on the evaluation model in Fig.10 , the pressure resistivity tests were carried out by using parallel plates model in which the grout of No.1-2 was filled from 0.05 m to 0.2 m. The pressure at which the grout had leaved out of the plates was higher as the aperture was smaller and the span of the filled plates was longer (Table 3) .
Therefore, from the nano grain size and the above resistivity, it is considered that CSG has high penetration to micro fractures at high hydrostatic pressure. (Table 2) were selected from results of fundamental tests.
Average adhesion
Standard tests: The mixtures were cured by 100 mL in capped 200 mL flasks with 100 mL distilled water at 20 o C respectively.
The whole curing water was picked up and analyzed monthly.
Acceleration tests: The specific surface of gel was more expanded to accelerate the leaching of silica, and the curing water to the volume of gel was added to delay the saturation of silica in the water. In detail, 40 mL of CSG was mixed in a Petri dish (φ70mm) and the grout was cured in 3,000 mL distilled water for 1 month respectively. After the curing, the half of the water (1500 mL) was sampled and analyzed, and 1,500 mL distilled water was added to the remainder respectively. To evaluate long-term stability for 1 year and more, the test pieces were cured at the 55 o C and relative humidity of 100% as heating accelerative curing based on the acceleration ratio referred to the past study on the same sort of grout [5] . Additionally, the grout of No.1-2 was cured for the term converted to 3 and 10 years (Table 4) .
Analyses of the curing water: ICP-AES(Inductively Coupled
Plasma-Atomic Emission Spectrometry) and IC(Ion Chromatography) were conducted for total silica and hardening accelerator.
Curing water / grout=1(volume) Curing water / grout=75(volume) 
Results and discussion
Results of long-term leaching tests are summarized below.
Standard tests: The leaching of total silica is shown as monthly leaching ratio and accumulated leaching ratio in Fig.12 .
The profiles of monthly leaching ratio show a peak at 5 or 6 months passage. The relationship between pH and total silica concentration in the curing water is shown in Fig.13 .
Additionally, the relationship between pH and saturated concentration of amorphous silica is shown in Fig.13 accordingly to the data of a past study [6] . The plots in Fig.13 indicate that total silica concentration in the curing water is nearly equivalent to the saturated concentration of amorphous silica. Thus, this result suggested that the leaching of total silica depends on leaching of amorphous silica. Also, the plots show that the curing water had low pH less than 11 that was target value. The accumulated leaching ratios of hardening accelerator in Fig.14 indicate that almost had leached in 15 months.
Acceleration tests: Accumulated leaching ratios of the acceleration tests are shown in Table 5 . In this table, a passage term is equal to the sum of accelerated correspond term and measuring term. The monthly silica leaching ratios in Fig.15 indicate 
